One route of inactivation of ecdysteroids in insects involves ecdysone oxidase-catalysed conversion into 3-dehydroecdysone (3DE), followed by irreversible reduction by 3DE 3α-reductase to 3-epiecdysone. The 3DE 3α-reductase has been purified and subjected to limited amino acid sequencing. It occurs as two distinct forms, including a probable trimer of subunit molecular mass of approx. 26 kDa. A reverse-transcriptase PCR-based approach has been used to clone the cDNA (1.2 kb) encoding the 26 kDa protein. Northern blotting showed that the mRNA transcript was expressed in Malpighian tubules during the early stage of the last larval instar. Conceptual translation of the 3DE 3α-reductase cDNA and database searching revealed that the enzyme belongs to the short-chain dehydrogenases\reductases
INTRODUCTION
Moulting and aspects of reproduction in insects are regulated by the steroidal moulting hormones (ecdysteroids) [1] . In the immature stages of insects, the prothoracic glands are the primary source of ecdysteroids, generally ecdysone (Scheme 1 ; I). However, in most Lepidoptera investigated, the major product of the glands is 3-dehydroecdysone (3DE ; Scheme 1, II), accompanied by varying proportions of ecdysone [2] [3] [4] [5] [6] . The 3DE then undergoes reduction to ecdysone by NAD(P)H-linked 3DE 3β-reductase in the haemolymph [3, 4, 6, 7] . Ecdysone undergoes 20-hydroxylation in certain peripheral tissues, yielding 20-hydroxyecdysone, which is considered to be the major active moulting hormone in most insect species [8] .
Scheme 1 Enzymic interconversions of ecdysone, 3-dehydroecdysone and 3-epiecdysone
Abbreviations used : 3DE, 3-dehydroecdysone ; AKR, aldo-keto reductase ; SDR, short-chain dehydrogenases/reductases ; RACE, rapid amplification of cDNA ends ; HSD, hydroxysteroid dehydrogenase. 1 To whom correspondence should be addressed (e-mail reeshh!liv.ac.uk).
The nucleotide sequence data reported will appear in DDBJ, EMBL, GenBank and GSDB Nucleotide Sequence Databases under the accession number AF255341.
superfamily. Furthermore, the enzyme is a novel eukaryotic 3-dehydrosteroid 3α-reductase member of that family, whereas vertebrate 3-dehydrosteroid 3α-reductases belong to the aldoketo reductase (AKR) superfamily. Enzymically active recombinant 3DE 3α-reductase has been produced using a baculovirus expression system. Surprisingly, we observed no similarity between this 3DE 3α-reductase and a previously reported 3DE 3β-reductase, which acts on the same substrate and belongs to the AKR family.
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The ecdysteroid titre exhibits obligatory, distinct peaks at specific stages in development [9] . In immature stages, these arise by increased ecdysteroid synthesis in the prothoracic glands, whereas decreases in titre result from enhanced ecdysteroid inactivation reactions together with elevated excretion. A number of transformations contribute to the inactivation of ecdysteroids [8] , including the formation of 3-epi(3α-hydroxy)ecdysteroids, which are regarded as hormonally inactive [10] [11] [12] . Although production of 3-epiecdysteroids occurs in many insect orders, it is apparently prominent in lepidopteran midgut cytosol and involves ecdysone oxidase-catalysed formation of 3-dehydroecdysteroid, followed by NAD(P)H-dependent irreversible reduction to 3-epiecdysteroid (Scheme 1 ; III) [8, [11] [12] [13] [14] [15] . The 3-dehydroecdysteroid may also undergo NAD(P)H-dependent 3DE 3β-reductase-catalysed reduction back to 3β-hydroxysteroid (Scheme 1 ; reviewed in [8, 16] ). Similar reactions occur with ecdysone and 20-hydroxyecdysone. The significance of reduction of 3DE back to ecdysone is uncertain. In fact, particularly puzzling is the occurrence of enzymes for reversible interconversion of ecdysteroids and their 3-dehydro-derivatives in tissues of several species that are incapable of producing 3-epiecdysteroids [16] .
We recently reported the purification of 3DE 3β-reductase from haemolymph of the cotton leafworm, Spodoptera littoralis [6] . Based upon limited amino acid sequences in this enzyme protein, its cDNA was cloned by a PCR-based approach. Conceptual translation and amino acid sequence analysis suggested that 3DE 3β-reductase from S. littoralis is a new member of the aldo-keto reductase (AKR) superfamily [17] . Furthermore, Northern-blot analysis showed that 3DE 3β-reductase mRNA transcripts are widely distributed in various tissues of S. littoralis.
As part of our studies aimed at elucidating the regulation of ecdysteroid titre and the reactions involved in ecdysteroid inactivation, we have purified 3DE 3α-reductase from midgut with attached Malpighian tubules of last instar larvae of S. littoralis [18] . Two forms of 3α-reductase were detected : a 26 kDa form, which may exist as a trimer with apparent molecular mass of 76 kDa, and a monomer with approximate molecular mass of 51 kDa. Limited amino acid sequences of internal proteolytic peptides of the 26 kDa form were determined, since the Nterminus is apparently blocked.
Here we report the molecular cloning and characterization of the cDNA encoding the approx. 26 kDa 3DE 3α-reductase of the cotton leafworm, S. littoralis, together with heterologous expression of enzymically active recombinant enzyme. Conceptual translation and amino acid sequence analysis indicated that 3DE 3α-reductase is closely related to members of the short-chain dehydrogenases\reductases (SDR) superfamily. In fact, the 3DE 3α-reductase is novel in being, hitherto, the only eukaryotic 3-dehydrosteroid 3α-reductase member of the SDR superfamily.
EXPERIMENTAL Protein sequencing
3DE 3α-reductase (26 kDa form) from S. littoralis was purified as described previously [18] . To obtain limited amino acid sequences of the enzyme, purified protein was resolved by SDS\PAGE on 10 % gels, visualized by Coomassie staining, and the corresponding band was excised and cleaved with V8 proteinase. The resulting proteolytic peptides were purified by HPLC and sequenced by Edman degradation using an automated pulsed liquid-phase sequencer (Applied Biosystems 471A ; Applied Biosystems, Foster City, CA, U.S.A.). The partial sequences of three proteolytic peptides were determined : fragment 1, SVAFVGRHQAXL (where X represents a gap) ; fragment 2, IAXMIVYLA ; fragment 3, LAPSGVRVNXVNPGPVLTDI-AAG.
cDNA cloning and sequencing
A PCR-based cloning strategy was used to clone a cDNA fragment encoding the region between internal peptides sequenced as described above. Three degenerate primers were synthesized. Primer 3A26-1 was designed on the basis of a part of the internal proteolytic peptide fragment 1 amino acid sequence (5h-GCI TTY GTI GGI MGI CAY CAR GC, where I represents inosine, Y is T\C, M is A\C, and R is A\G) ; primer 3A26-3 and 3A26-3AS were designed according to the sequence of internal proteolytic peptide fragment 3 (3A26-3, 5h-GCI CCI WSI GGI GTI MGI GTN AA, where W represents A\T, S is C\G, N is A\T\C\G ; reverse primer 3A26-3AS, 5h-GTI ARI ACI GGI CCI GGR TTN AC).
Total RNA was extracted using TRIzol2 (Life Technologies) from combined midgut and Malpighian tubules dissected from larvae 42 h into the last larval instar. First strand cDNA was reverse-transcribed from the total RNA using a 1st Strand cDNA synthesis kit (Roche Molecular Biochemicals, Lewes, East Sussex, U.K.) with Q T adapter primer, 5h-CCA TCA GTG CTA GAC AGC TAA GCT TGA GCT CGG ATC C(T) "( (modified from [19] ). cDNA synthesized with Q T primer served as template for the PCR, in which the above three degenerate primers were combined in turn with the adapter Q ! primer, 5h-CCA TCA GTG CTA GAC AGC T (modified from [19] ). PCR was carried out as follows : 1 cycle of 94 mC for 3 min and 35 cycles of 94 mC for 1 min, 50 mC for 1 min, 72 mC for 2 min and 1 cycle of 72 mC for 8 min. PCR products were analysed by electrophoresis on a 1 % agarose gel. This revealed that PCR with 3A26-1 and Q ! yielded various lengths of product. These PCR products were used as template for the nested PCR, which was carried out as follows : 1 cycle of 94 mC for 3 min and 30 cycles of 94 mC for 1 min, 50 mC for 1 min, 72 mC for 2 min and 1 cycle of 72 mC for 8 min. The nested PCR with 3A26-3 and the other adapter Q "-# primer, 5h-TAA GCT TGA GCT CGG A (modified from [19] ), yielded a product of approx. 550 bp, and the semi-nested PCR with 3A26-1 and 3A26-3AS yielded a product of approx. 450 bp. Both PCR products were gel-purified using a Hybaid Recovery4 DNA purification kit (Hybaid, Teddington, Middx., U.K.).
The purified PCR products were cloned into pGEM2-T Easy Vector (Promega). Transformants were screened by colony-PCR using M13 forward primer and M13 reverse primer (5h-GTA AAA CGA CGG CCA G and 5h-CAG GAA ACA GCT ATG AC respectively). Those showing the correct size of insert were propagated in Luria-Bertani broth containing 100 µg\ml of ampicillin, and plasmid DNA was purified after 16 h incubation at 37 mC. Double-stranded DNA sequencing was performed by the dideoxy termination method using Sequenase Version 2.0 (USB4 ; Amersham Pharmacia Biotech). The sequences of three independent clones of both cloned products were compared to detect errors that could have occurred during the reversetranscription and PCR amplification.
5h-Rapid amplification of cDNA ends (5h-RACE)
5h-RACE was carried out to obtain the 5h-end of the cDNA. For this, mRNA from total RNA was isolated using the Dynabeads2 mRNA purification kit (Dynal, Bromborough, Merseyside, U.K.). A 5h-RACE System Version 2.0 (Life Technologies) was used to amplify the 5h-terminus of the message for sequencing. Briefly, a gene-specific primer 1 (5h-GCA ATC TCC TCA GAC T) was hybridized to the mRNA, and cDNA was synthesized using Superscript II reverse transcriptase. The RNA was then degraded with RNase mix (RNase H and RNase T1), and the cDNA was purified using a GlassMax spin cartridge supplied with the kit. A poly(dC) tail was added to the 3h-terminus of the purified cDNA using dCTP and terminal deoxynucleotidyl transferase, and the cDNA region corresponding to the 5h-end of the mRNA was amplified by two successive rounds of PCR using additional gene-specific primers 2 and 3 (5h-CCC TGT ATC TTC AAG CAG ATC A and 5h-GAT GAG GAC AAC TGG ACG TAA AT respectively), together with the anchor primers supplied by the manufacturer. The second-round PCR yielded a product of approx. 400 bp, which was cloned into pGEM2-T Easy Vector, and the nucleotide sequences of several clones were determined.
Figure 1 Nucleotide and deduced amino acid sequences of 3DE 3α-reductase
Nucleotide numbers are indicated on the right, amino acid numbers are on the left. The putative polyadenylation signal is double-underlined. The amino acid sequences obtained from three V8 proteolytic peptides derived from purified 3DE 3α-reductase are underlined. The termination codon is indicated by an asterisk. The positions and directions of primers are indicated as arrows above the nucleotide sequence.
Construction of a cDNA containing an open reading frame
The cDNA sequence containing the entire open reading frame was amplified by PCR from the cDNA synthesized with primer Q T as described above. Expand4 High Fidelity PCR System (Roche Molecular Biochemicals) was used with the following gene-specific primers : ORF-1 (5h-TCA GAATTCATG TTC GCA AAT AAA) and ORF-1AS (5h-CAA AGATCTTTA CTG CAG CGC GAG). These primers were designed to incorporate EcoRI, and BglII sites (underlined in the primer sequences) into the 5h-end and 3h-end of the sense strand respectively. PCR was conducted as follows : 1 cycle of 94 mC for 3 min, 37 cycles of 94 mC for 1 min, 51 mC for 1 min, 68 mC for 1 min and 1 cycle of 72 mC for 10 min. The resulting PCR product was gel-purified, and cloned into pGEM2-T Easy Vector. Three independent clones were sequenced.
Northern-blot analysis
Total RNA from various tissues was isolated using TRIzol2 reagent. A 10 µg aliquot of RNA was fractionated on a formaldehyde\agarose gel, transferred to Electran2 nylon membrane (Merck), and hybridized with a probe corresponding to the whole open reading frame of the 3DE 3α-reductase cDNA. The probe was radiolabelled with $#P using a Ready-To-Go4 DNA labelling kit (-dCTP) (Amersham Pharmacia Biotech), and loading was normalized by probing with an 18 S rRNA probe from mouse (a gift from Ms Yi-Ping Bao, University of Liverpool, U.K.). Prehybridization and hybridization were carried out using QuickHyb2 hybridization solution (Stratagene), under the conditions recommended by the manufacturer. The blots were washed at high stringency at 60 mC with 0n1iSSC (where 1iSSC is 0n15 M NaCl\0n015 M sodium citrate) containing 0n1 % SDS, and labelled bands were visualized by autoradiography.
Baculovirus expression of 3DE 3α-reductase
The cDNA containing the complete open reading frame of 3DE 3α-reductase was cut out with EcoRI and BglII from the plasmid as described above and transferred into pSynXIV VI + X3 [20] , which was digested with the same enzymes. This was cotransfected into S. frugiperda Sf21 cells (approx. 2i10' cells) with vSynVI − gal DNA [20] . Recombination between viral sequences flanking the 3DE 3α-reductase cDNA in pSynXIV VI + X3 and homologous sequences in the viral genome resulted in the replacement of the β-galactosidase in vSynVI − gal with the entire 3DE 3α-reductase cDNA and a functional polyhedrin gene. The recombinant viruses were identified by screening based on their β-galactosidase-negative, occlusion-body-positive plaque phenotype. Their structures were confirmed by restriction-endonuclease analysis and Southern blotting. Procedures used for maintenance of Sf21 cells, for propagation of vSynVI − gal, and for the construction and characterization of recombinant viruses are as described in [20] .
SDS/PAGE
Total cell proteins were analysed by vertical 4-12 % gradient acrylamide gel electrophoresis using the NuPAGE Bis-Tris system (Novex, Groningen, The Netherlands). All samples (from approx. 3i10& cells each) were lysed in 50 µl of the NuPAGE SDS sample buffer containing NuPAGE sample reducing agent, and boiled for 5 min before loading 5 µl of each sample onto the gel. After electrophoresis, the gel was stained with Coomassie Brilliant Blue and destained to allow visualization of the proteins. The band of recombinant protein was cut out and subjected to in-gel digestion with trypsin and HPLC purification, before limited sequencing.
Enzyme assay
Assay of the recombinant 3DE 3α-reductase activity was performed in duplicate by modification of the method described in [14] . Sf21 cells (3i10& cells\well), infected with wild-type Autographa californica nuclear polyhedrosis strain baculovirus or with recombinant baculovirus, were homogenized at 68 h postinfection in 50 µl of 100 mM Tris buffer (pH 8.0) containing 0.05 % NaN $ . A 20 µl aliquot of this extract was assayed by incubation for 30 min at 37 mC in a 50 µl assay mixture consisting of 0.1 M sodium phosphate buffer (pH 7.4), 0.5 mM NADPH and 60 µM 3DE. Assays were quenched with 50 µl of methanol, and proteins were removed by centrifugation. The supernatant was analysed by reversed-phase HPLC. Protein concentration was determined by the method of Bradford using a dye-binding assay (Bio-Rad), with BSA as a standard. Three independent experiments were performed for each assay, with all assays being carried out in duplicate.
HPLC
Ecdysteroids were analysed by HPLC on a Waters instrument (Waters Associates, Northwich, Cheshire, U.K.) linked to a 440 UV detector set at 254 nm and a C ") Nova-Pak cartridge (10 cmi5 mm ; Waters Associates), and eluted with an isocratic solvent system consisting of acetonitrile : 0.1 % (v\v) trifluoroacetic acid in water (22 : 78, v\v) at 1 ml\min [14] .
RESULTS

Cloning of the cDNA encoding 3DE 3α-reductase
A PCR-based cloning strategy, as detailed in the Experimental section, allowed us to obtain two cDNA fragments corresponding to the sequences between nt 161-633 and 584-1183 respectively (Figure 1 ). Gene-specific primers derived from these sequences were synthesized and used for 5h-RACE to obtain the 5h-end of the cDNA. 5h-RACE produced a cDNA clone of 427 bp which contains a putative translation start site at position 68. Taken together, all overlapping cDNAs span a total of 1183 bp. The polyadenylation signal (AATAAA) is located at position 1150. As shown in Figure 1 , using the first ATG as the start codon, the full-length 3DE 3α-reductase cDNA encodes a protein of 249
Figure 2 Alignment of the deduced amino acid sequences of 3DE 3α-reductase and the most similar database proteins
The deduced 3DE 3α-reductase sequence was compared with all sequences in the Swiss-Prot database using the BLAST programme. Only the amino acid sequences of some similar proteins representing the SDR family are shown in the alignment. Gaps introduced to optimize alignment are indicated by hyphens. Identical amino acids between 3DE 3α-reductase and at least one other sequence are indicated in black boxes. Numbers on the top refer to the amino acid residues of the 3DE 3α-reductase sequence. The accession number of each protein sequence is as follows : B. megaterium glucose 1-dehydrogenase II, P39483 ; C. lanceolata 3-oxoacyl-reductase, P28643 ; D. melanogaster alcohol dehydrogenase, P00334 ; and C. testosteroni 3β-hydroxysteroid dehydrogenase, P19871. The alignment was constructed by use of the CLUSTALW programme.
amino acids with a predicted molecular mass of 26079.09, which is almost identical to its apparent M r observed in our SDS\PAGE analysis [18] . The protein is mildly acidic with an estimated pI of 5.82.
Similarity of the deduced amino acid sequence to proteins of the SDR family
The deduced amino acid sequence for the cDNA coding region showed similarity to enzymes in the SDR family (Figure 2) , such as Drosophila melanogaster alcohol dehydrogenase (69 %), Bacillus megaterium glucose 1-dehydrogenase II (66 %), Cuphea lanceolata 3-oxoacyl-reductase (61 %) and Comamonas testosteroni 3β-hydroxysteroid dehydrogenase (58 %). The 3DE 3α-reductase amino acid sequence exhibited features characteristic of the proteins of the SDR family [21, 22] , such as the putative consensus sequence for the cofactor binding site [23, 24] , G(X) $ GXG at Gly"", the active site consensus sequence [25] [26] [27] , Y(X) $ K at Tyr"&%, and three further residues (Gly"$$, Ser"%! and
Figure 3 Northern-blot analysis of the tissue distribution and expression of 3DE 3α-reductase
A 10 µg aliquot of total RNA from various tissues at different times (top) within the last larval instar was used. The blot was hybridized with a 32 P-labelled 3DE 3α-reductase cDNA probe which corresponded to the whole protein coding region. The same blot was stripped and reprobed with 18 S rRNA probe. The positions of RNA size markers are shown on the left. Pro")%) which are highly conserved in members of that superfamily [21] .
Figure 4 SDS/PAGE analysis of protein synthesis in Sf21 cells infected with recombinant and wild-type baculovirus
Tissue distribution and developmental expression of 3DE 3α-reductase mRNA
As demonstrated in Figure 3 , a cDNA probe representing the protein coding region detected a transcript of approx. 1.2 kb in the Malpighian tubules prepared from larvae at 18, 42 and 73 h into the last-larval instar. No detectable expression was found in fat body and midgut. We could not detect the mRNA of 3α-reductase in haemocytes at 42 h (results not shown).
Figure 5 Enzymic activity of recombinant 3DE 3α-reductase
Sf21 cells infected with wild-type or recombinant virus were lysed, incubated with 3-dehydroecdysone in the presence of NADPH and the products were analysed by reversed-phase HPLC (see the Experimental section). The positions of elution of authentic ecdysone (E), 3-epiecdysone (E ') and 3-dehydroecdysone (3DE) are shown.
Expression of 3DE 3α-reductase in Sf21 cells
Monolayers of Sf21 cells (3i10& cells\well) were infected with wild-type or with recombinant virus, and the cells were collected at intervals between 24 and 68 h. It was found that a polypeptide of approx. 26 kDa, as determined by SDS\PAGE, increased in intensity with time post-infection in samples infected with the recombinant baculovirus, but not in samples infected with the wild-type virus (Figure 4 ). This recombinant protein was confirmed to be the 3α-reductase by in-gel digestion with trypsin followed by sequencing of two internal fragments (VVLVT-GGXXGIG and KXXALXLAP). These correspond to amino acids 6-17 and 166-174 in the 3DE 3α-reductase sequence. The level of expression of 3DE 3α-reductase is comparable with that of viral polyhedrin protein at approx. 30 kDa.
It was demonstrated that the recombinant protein cell lysate was enzymically functional in reduction of 3-dehydroecdysone to 3-epiecdysone in the presence of NADPH as a cofactor ( Figure  5 ). As shown in the reversed-phase HPLC UV chromatograms ( Figure 5) , there was appreciable conversion of 3-dehydroecdysone into 3-epiecdysone by the NADPH-supplemented lysate from 3DE 3α-reductase recombinant virus-infected cells, with no detectable transformation in the case of wild-type virus-infected cells ( Figure 5 ) or lysate of uninfected Sf21 cells alone (results not shown). In the case of the 3DE 3α-reductase recombinant virusinfected cell lysate, the 3DE 3α-reductase activity was absolutely dependent upon NAD(P)H cofactor and the specific activity was 2.86p0.32 nmol\min per mg of protein in the presence of NADPH (meanpS.E.M. for three independent experiments), which is of the same order of magnitude as partially fractionated normal activity [18] .
DISCUSSION
Using a reverse-transcription PCR-based cloning strategy, employing degenerate primers designed on the basis of the partial amino acid sequences of fragments of 3DE 3α-reductase, together with 5h-RACE, the complete cDNA encoding the enzyme was isolated and sequenced. The predicted amino acid sequence of the cDNA contained the three internal peptides obtained from V8 proteinase digestion of the band corresponding to the M r 26 000 polypeptide, confirming that we had cloned the 3DE 3α-reductase cDNA.
When the cDNA encoding 3DE 3α-reductase was expressed using the baculovirus system, a polypeptide band of approx. 26 kDa was observed on SDS\PAGE which increased in intensity with time of culture ( Figure 4 ). Limited sequencing of internal proteolytic fragments confirmed that the sequences corresponded to the conceptually translated amino acid sequence of the cDNA. Furthermore, the lysate from recombinant baculovirus-infected cells showed NADPH-dependent 3DE 3α-reductase enzymic activity. The foregoing results indicate that the cloned cDNA encodes 3DE 3α-reductase.
Database searching revealed that 3DE 3α-reductase belongs to the SDR superfamily [21, 22] . It is clear that the predicted amino acid sequence of this enzyme has high similarity to other enzymes in this family ; in particular, the glycine residues (Gly"", Gly"& and Gly"() involved in cofactor binding [23, 24] , as well as Tyr"&% and Lys"&) essential for catalytic function, are conserved [25] [26] [27] . Furthermore, that 3DE 3α-reductase may exist as a homotrimer of apparent molecular mass approx. 76 kDa and subunit molecular mass approx. 26 kDa [18] is in agreement with SDR proteins, which are homo-oligomers composed of subunits with molecular masses between 25 kDa and 37 kDa [22] . 3DE 3α-reductase activity has been demonstrated in midgut, fat body, haemolymph and epidermis of various insect species [11, 14, 28, 29] , but hitherto, there were no data concerning this enzyme in Malpighian tubules. Our Northern-blot analysis has revealed that the mRNA for the 3α-reductase is expressed strongly in Malpighian tubules (Figure 3) . Furthermore, we have detected enzymic activity of the 3α-reductase in Malpighian tubules (results not shown). Chen et al. [18] showed that there were at least two forms (26 kDa and 51 kDa) of the 3α-reductase in combined midgut and Malpighian tubules of S. littoralis. The current data suggest that expression of the small form of 3α-reductase occurs in the Malpighian tubules, but not in the midgut. Expression of the 3α-reductase in the Malpighian tubules may suggest a role for the enzyme in inactivation of endogenous haemolymph ecdysteroid.
Northern-blot analysis ( Figure 3 ) also revealed that the mRNA transcript for the enzyme is expressed over 18-73 h of the last larval instar. Since this expression correlates with times in development when ecdysteroid titres are minimal [14] , the 3α-reductase may function in keeping the hormone levels low. In final larval instar of the Lepidoptera, Manduca sexta [30] , Diatraea grandiosella [31] and Bombyx mori [32] , very low multiple peaks in haemolymph ecdysteroid titre have been detected appreciably earlier in development than the commitment peak. Presumably, a similar situation exists in S. littoralis. Thus expression of the mRNA encoding the small form of 3α-reductase in the early stage of the last larval instar may reflect involvement of the enzyme in inactivation of such small ecdysteroid peaks in the Malpighian tubules.
Hydroxysteroid dehydrogenases (HSDs) belong to at least two distinct protein families : the SDR and AKR families [21, 22, 33] . Furthermore, some 3β-HSDs belong to an additional 3β-HSD family whose members are membrane-bound proteins located in the endoplasmic reticulum and mitochondrial membranes [34] . HSDs belonging to the SDR or AKR families interconvert similar substrates, but bear no significant sequence similarity, and have completely different three-dimensional structures [35, 36] .
Recently, we reported [17] the deduced amino acid sequence of another reductase enzyme from S. littoralis that reduces 3DE to yield a 3β-hydroxy-ecdysteroid (biologically active), rather than a 3α-hydroxy-ecdysteroid (inactive), as in the case of the 3DE 3α-reductase. Surprisingly, the 3DE 3β-reductase belongs to the AKR superfamily [33] , whereas the current 3DE 3α-reductase belongs to the SDR superfamily [21, 22] . Furthermore, there are no conserved regions between these families, resulting in no significant sequence similarity. Within the SDR superfamily, members share a consensus active site sequence Tyr-X-X-X-Lys, the tyrosine and lysine residues being essential for catalysis [21] . Thus it is envisaged that Tyr"&% and Lys"&) are important residues at the active site of 3DE 3α-reductase, whereas Asp($, Tyr(), Lys"!(, and His"%! in the 3DE 3β-reductase [17] are characteristic of active sites of the AKR superfamily [35] . SDR superfamily members have a Rossmann nucleotide-binding fold [G(X)
$ GXG] located near the N-terminus [21, 24] . In contrast, AKR family members bind cofactors through interaction with residues at the C-terminus end, consisting of an α\β barrel or several β-strands and α-helix [36] . Thus, based on conserved amino acid residues in these superfamilies, we expect the structure of 3DE 3α-reductase to be very different from that of the corresponding 3DE 3β-reductase, though they catalyse reduction of an identical substrate. Furthermore, we found no nucleotide sequence similarity between the cDNA for these two reductases, which supports our view that they have evolved independently. Surprisingly, our protein database and literature searches have revealed that no other 3-dehydrosteroid 3α-reductase enzyme hitherto reported belongs to the SDR family, except for bacterial ones [37, 38] . Mammalian 3α-HSDs belong to the AKR superfamily [22, [39] [40] [41] [42] , whereas carbonyl reductases from mammalian tissues belong to the SDR family [43] [44] [45] [46] . These results may suggest that 3DE 3α-reductase from S. littoralis is not evolutionarily close to 3α-HSDs but to carbonyl reductases in mammals. It may be significant in the case of ecdysteroids that a specific ecdysone oxidase (i.e. oxygen-dependent), rather than an NAD(P) + -dependent dehydrogenase, is responsible for oxidation of ecdysteroid to 3-dehydroecdysteroid, whereas the vertebrate 3-HSDs generally catalyse reversible reactions.
